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Asian residential communities are usually dotted with various spot pollution sources (SPS), such as
restaurants, temples, and home factories, with trafﬁc arteries passing through, resulting in higher intra-
urban pollution variability compared with their western counterparts. Thus, it is important to charac-
terize spatial variability of pollutant levels in order to assess accurately residents’ exposures in their
communities. The objectives of this study are to assess the actual pollutant levels and variability within
an Asian urban area and to evaluate the inﬂuence of vehicle emission and various SPS on the exposure
levels within communities. Real-time monitoring was conducted for a total of 123 locations for partic-
ulate matter (PM) and CO in Taipei metropolitan, Taiwan. The mean concentrations for PM1, PM2.5, PM10,
and CO are 29.8  22.7, 36.0  25.5, 61.9  35.0 mgm3 and 4.0  2.5 ppm, respectively. The mean values
of PM1/PM2.5 and PM2.5/PM10 are 0.80  0.10 and 0.57  0.15, respectively. PM and CO levels at locations
near SPS could be increased by 3.5e4.9 times compared with those at background locations. Regression
results show that restaurants contribute signiﬁcantly 6.18, 6.33, 7.27 mgm3, and 1.64 ppm to community
PM1, PM2.5, PM10, and CO levels, respectively; while the contribution from temples are 13.2, 15.1, and
17.2 mgm3 for PM1, PM2.5 and PM10, respectively. Additionally, construction sites elevate nearby PM10
levels by 14.2 mgm3. At bus stops and intersections, vehicle emissions increased PM1 and PM2.5 levels by
5 mgm3. These results demonstrate signiﬁcant contribution of community sources to air pollution, and
thus the importance of assessing intra-community variability in Asian cities for air pollution and health
studies. The methodology used is applicable to other Asian countries with similar features.
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Exposure to air pollution is associated with acute and chronic
health problems, such as respiratory and cardiovascular diseases
(e.g., USEPA, 2009). A number of studies have further demonstrated
that within-community indicators of local air quality are associated
with adverse health outcomes (Brauer et al., 2002; Gauderman
et al., 2005; McConnell et al., 2010). Especially in Asia, residents’
exposures are usually much higher than those ambient measure-
ments taken at monitoring stations since they are living near trafﬁc
arteries and pollution sources within residential communitiesD license.
Table 1
Characteristics of the 12 studied Taiwanese communities.
Community Area (km2) No. of registered residents No. of registered restaurants No. of registered temples
1 0.1081 8152 7 0
2 0.1139 5415 28 1
3 0.3107 7155 71 2
4 0.1559 7840 50 0
5 0.1266 5930 15 0
6 0.1079 7225 23 1
7 0.0568 4011 8 0
8 0.1405 3963 3 0
9 0.0709 3235 0 0
10 0.0626 2784 5 0
11 0.0423 4919 7 0
12 0.0897 2071 5 0
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variation within communities for accurate estimation of human
exposure.
Asian residential communities usually have more complex air
pollution sources compared with purely residential communities in
western countries. Asian people prefer easy access to daily activ-
ities; hence, the residential communities usually have a mixture of
shops, restaurants, temples, and home factories (such as craftsmen
producing handicrafts and mechanics offering repair service).
These mixed communities have many sources emitting air pollut-
ants in the immediate living environments of residents, resulting in
high variability of pollutant levels within communities. Lung et al.
(2007) showed that pollutant levels of Taiwanese communities
are inﬂuenced by the localized pollution sources within commu-
nities. Home outdoor PM10 levels were 1.5e2 times higher than
those measured at monitoring stations of the Environmental Pro-
tection Administration (EPA), Taiwan. This underestimation of
regulatory measurements hinders the authority from recognizing
the actual pollutant exposure in residential environments. As a
result, residents took to the streets to protest against community air
pollution sources, such as cooking smoke emission from restau-
rants and night markets in their neighborhoods (ETtoday News
Taiwan, 2011), which revealed the severity of neighborhood
pollution. In addition, more than half of the studied subjects in
Taiwanese communities had higher home outdoor PM10 levels than
indoor levels with strong correlations between the two levels (Lung
et al., 2007). Apparently, the deteriorated outdoor air inﬁltrates
indoors, affecting indoor air quality of residences. Therefore, resi-
dents’ exposures to air pollutants in both home indoor and outdoor
micro-environments are signiﬁcantly affected by community air
pollution sources.
Widespread trafﬁc and other emission sources within Asian
communities have been demonstrated in previous studies (e.g., Wu
and Lung, 2012; Lung et al., 2013). In Asia, lots of residential
buildings are built along roadways with heavy trafﬁc. Taking
Taiwan as an example, Wu and Lung (2012) showed that approxi-
mately 54.3% of the population inmetropolitan Taipei, the capital of
Taiwan, lives within 10 m from municipal roads, indicating trafﬁc
pollution in close proximity. Additionally, spot pollution sources
(SPS), such as restaurants (or food vendors), night markets,
incense-burning temples and car/motorcycle repair shops, are
scattered within Taiwanese communities. A representative survey
conducted in Taiwan showed 30% and 24% of subjects living within
15 m from heavy-trafﬁc roads and smoky/greasy restaurants,
respectively. In addition, 13% and 40% of Taiwanese residences are
located within a distance of 50 m from night markets and incense-
burning temples, respectively (Lung et al., 2013). Other Asian
countries such as China, Korea, Thailand, and Malaysia have similar
neighborhood features. In other continents, the inﬂuence of local
trafﬁc and emission sources on community air quality has beenassessed (e.g., Franklin et al., 2012; Merbitz et al., 2012; Zwack et al.,
2011a,b). Nevertheless, similar studies are scarce in Asiawhere high
population density is the norm and community sources may
signiﬁcantly affect residents’ exposures. The current study ﬁlls this
gap by investigating the impacts of trafﬁc and SPS on community
pollutant levels in Taipei, Taiwan, an Asian-type metropolis. Both
vehicle and SPS emissions are combustion sources emitting par-
ticulate matter (PM) and CO, the two targeted pollutants in this
work.
The advent of real-timemonitors provides good instrumentation
for obtaining sufﬁcient numbers of measurements for such an
assessment. This study employs real-time monitors with carefully
designed strategies to evaluate intra-community variability of
exposure to pollutants from Asian-type community pollution
sources. The objectives of this work are to (1) assess the actual PM
andCO levels and variabilitywithinTaiwanese communities, and (2)
evaluate the contribution of trafﬁc and various SPS to community
PMandCO levels. Themethodology used in thiswork can be applied
to neighborhoods in other Asian countries with similar features for
assessing the inﬂuence of community pollution sources.
2. Materials and methods
2.1. Study communities
Twelve communities were randomly selected from Taipei
metropolitan that consists of Taipei city (the capital of Taiwan) and
New Taipei city, with a population density of 2791 people km2
(DGBAS, 2011) and vehicle density of 2164 km2 (MOTC Taiwan,
2010). Taipei metropolis has 41 towns including 1520 census
tracts (communities). Six towns were randomly chosen; within
each town, two communities were randomly selected for ﬁeld
monitoring. These communities are all mixed communities with
scattered restaurants, temples and home factories. Two commu-
nities even have famous night markets with an area spreading over
two blocks within the communities. In addition, these 12 com-
munities, just like any typical urban communities in Taiwan, have
trafﬁc arteries either passing through or in the periphery. The living
conditions of populated areas with densely distributed restaurants
and temples are clearly demonstrated in Table 1. In general, only
established restaurants and temples of a certain size are registered
in the government records while those mom and pop’s eateries and
small land-God temples are not; therefore, the numbers shown in
Table 1 are underestimates of the actual numbers of restaurants
and temples existing in the communities.
2.2. Monitoring strategy
Common pollution types within Asian communities were
targeted. For instance, PM emissions from cooking and incense-
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2011; Wang et al., 2010). The processes and heavy machinery
used in construction sites and home factories (e.g., iron foundry
and recycling plant) may generate PM and CO. Stores such as
grocery stores or car/motorcycle repair shops would also emit
PM and/or CO. Therefore, restaurants with cooking fume emis-
sions, temples with incense-burning, construction sites within
communities, factories/stores with potential pollution sources,
and locations near trafﬁc emission were selected as monitoring
locations. Ten to 12 monitoring locations were chosen in each
community during a thorough site visit. One or two locations at
the community parks or residential alleys without any obvious
combustion sources in the surroundings (15 m) were chosen as
background locations for comparison. For SPS, monitoring was
conducted at locations approximately 2e3 m from the store
fronts; and for trafﬁc emission, the sidewalks of bus stops or
intersections were chosen. Some locations have multiple pollu-
tion sources and are thus classiﬁed as mixed locations. Note that
it was difﬁcult to ﬁnd SPS locations without any trafﬁc emission
since all pedestrian passages allow motorcycles to pass through;
therefore, only those SPS locations with continuous trafﬁc were
marked with trafﬁc emissions and categorized as mixed loca-
tions. In total, 123 locations were selected and categorized ac-
cording to the aforementioned pollution types.
In order to assess intra-community variability, one monitoring
trip was taken to carry out monitoring at all locations in one
community within 2 h on the same day; the monitoring trip was
repeated on another day. One monitoring sessionwas conducted at
each location for 5 min. The numbers of vehicles and pedestrians
passing by were counted during the session since these are po-
tential contributors to pollution levels. Observation of any unusual
activity in the surroundings was also recorded. Monitoring was
performed from 8:30 am to 4:00 pm. In addition, two extra
monitoring trips were taken from 6:30 pm to 9:00 pm for each of
the two communities with famous night markets. Totally, 28 ﬁeld
trips were carried out on non-raining days from June 18 to August 8,
2010.
An aerosol spectrometer (GRIMM Aerosol Technik GmbH and
Co. KG,1.109, Ainring, Germany) detecting aerosols in the size range
of 0.25e32 mm in 31 size channels was used in the ﬁeld experi-
ments. The ﬂow rate was 1.2 L min1 with sampling interval of 6 s.
The detection limit is 0.1 mgm3 with reproducibility of 5%. PM1,
PM2.5, and PM10 levels are reported here. CO concentrations were
measured using real-time monitors (TSI-7545 and TSI-8762, TSI
Incorporated. Shoreview, MN, USA) with sampling interval of 5 s.
The resolution is 0.1 ppm with accuracy of 3%. All these in-
struments had been calibrated by the manufacturers prior to their
use.Wind speedwasmeasured and recorded by anemometers (TSI-
8384, TSI Incorporated. Shoreview, MN, USA) with sampling fre-
quency of 5 s. They were set up 1.5 m above ground to assess
pollutant levels in the breathing zones.Table 2
Pollutant levels, wind speed, and vehicle and pedestrian counts averaged over 5 min
at 123 monitoring locations.
Variable Na Mean Standard
deviation
Minimum Maximum
PM1 (mg m3) 252 29.8 22.7 4.3 157.2
PM2.5 (mg m3) 252 36.0 25.5 9.5 182.7
PM10 (mg m3) 252 61.9 35.0 18.3 272.0
CO (ppm) 299 4.0 2.5 1.3 18.8
Wind speed (m s1) 297 0.66 0.45 0.12 3.2
Vehiclemin1 300 12.9 20.0 0.0 109.0
Pedestrianmin1 299 6.6 11.5 0.0 63.6
a Malfunction of instruments resulted in some missing values.2.3. Data analysis
The measured concentrations at each location were averaged
over 5 min to yield one single measurement for that location.
Numbers of passing-by vehicles and pedestrians counted were also
averaged over 5 min. Regression models were established to assess
the contribution of trafﬁc and various SPS to community air
pollutant levels, according to similar concepts in previous studies to
quantify the contribution of local trafﬁc and cooking stoves to
within-community pollution variation (Dionisio et al., 2010;
Franklin et al., 2012; Merbitz et al., 2012; Rooney et al., 2012;
Zwack et al., 2011a,b).
Plocation ¼ b0 þ g1Pbackground þ g2Ws þ g3ðNvehicleÞ
þ g4

Npedestrian

þ
X
biXiþ ε: (1)
where Plocation is the pollutant level during the 5-min session at the
monitoring location and Pbackground is the pollutant level at the
corresponding community background location; b0 is the intercept;
g1, g2, g3, g4 and bi are regression coefﬁcients;Ws is thewind speed;
Nvehicle and Npedestrian are the numbers of passing-by vehicles and
pedestrians per minute during monitoring; and ε is an error term.
Xi is the pollution source variable, such as restaurant, and is a
dummy variable. Xi of a monitoring location is assigned as 1 if there
is a source of that pollution type nearby; otherwise, it is assigned as
0. Multiple Xi at mixed locations would also be assigned as 1 to
account for multiple pollution sources. The category “background”
was not put in the model to avoid collinearity.
3. Results and discussion
3.1. PM and CO levels within the 12 communities
During the monitoring period, the mean levels of PM1, PM2.5,
PM10, and CO in the studied communities were 29.8  22.7,
36.0  25.5, 61.9  35.0 mgm3 and 4.0  2.5 ppm, respectively
(Table 2). The vehicle and pedestrian counts, averaged over 300
monitoring sessions, were 12.9  20.0 and 6.6  11.5 min1,
respectively. The ambient PM2.5, PM10, and CO levels at the nearest
EPAmonitoring stations during the 301monitoring sessions ranged
from 10 to 73 mgm3, 32e116 mgm3, and 0.23e5.2 ppm, respec-
tively. Although there are differences in instrumentation and
monitoring principles; the ambient PM2.5 levels were close to the
measurements taken at community background locations, which
are in the range of 10e70 mgm3. However, the ambient PM10 and
CO levels are slightly lower than those at community background
locations (18e96 mgm3 and 1.4e11.9 ppm, respectively). Previous
research showed that the geometric mean of home outdoor levels
in six Taiwanese communities in 1998e1999 was 85.8 mgm3 with
geometric standard deviation of 1.5 (Lung et al., 2007), which is
higher than the levels presented here 11 years later. Such ﬁnding is
consistent with the decreasing trend of the pollutant measure-
ments at EPA monitoring stations over these years (TEPA, 2012).
Fig. 1 plots the mean concentrations and standard deviations of
PM and CO at locations with different categorizations for all 12
communities. The valid sample sizes are 38, 11, 21, 7, 11, 24, 15, and
114 for background, restaurant, temple, construction site, factory,
store, trafﬁc and mixed locations, respectively. Variations are
observed at background locations; 23.6  14.8 mgm3,
28.2  15.6 mgm3, 47.1  16.6 mgm3, and 2.7  1.7 ppm for PM1,
PM2.5, PM10, and CO, respectively. The variation among different
monitoring dates accounts for part of the variability. Construction
sites show high concentrations and great variation for PM10
(73.5.0  59.0 mgm3) but not for PM2.5 (23.1  9.0 mgm3)
Fig. 1. Concentrations of (a) PM1, PM2.5, PM10 and (b) CO at 123 monitoring locations
with different pollution types; sample sizes are 38, 11, 21, 7, 11, 24, 15, and 114 for
background (B), restaurant (R), temple (T), construction site (C), factory (F), store (S),
trafﬁc (vehicle-related, V) and mixed (M) locations, respectively.
Fig. 2. (a) PM1/PM2.5 and (b) PM2.5/PM10 expressed as percentages (%) at monitoring
locations with different pollution types, namely, restaurant (R), temple (T), construc-
tion site (C), factory (F), store (S), trafﬁc (vehicle-related, V) and mixed (M) locations.
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dusts generated during construction are usually coarse particles.
Moreover, temples and mixed locations have large variability for
PM; the percent coefﬁcients of variation (%CV) are around 77e89%
at temples and 56e77% at mixed locations. Temples
(42.1  37.4 mgm3) and mixed locations (42.0  29.2 mgm3) also
have the highest mean PM2.5 concentrations. For CO, the highest
mean concentrations (8.3  4.6ppm) with the greatest variability
are observed at restaurants, about three times that of the back-
ground levels (Fig. 1(b)).
The mean values of PM1/PM2.5 and PM2.5/PM10 are 0.80  0.10
(n ¼ 252) and 0.57  0.15 (n ¼ 252), respectively (Fig. 2). Attention
is paid to locations having sources with high PM1/PM2.5 and PM2.5/
PM10 values since health impacts were associated with ﬁne parti-
cles as shown in epidemiological studies (e.g., Jerrett et al., 2005).
Restaurants have the highest median PM1/PM2.5 values (0.86) while
temples and mixed locations have the highest mean values (0.80
and 0.81, respectively). As for PM2.5/PM10, mixed locations have the
highest median values (0.60) while temples have the highest mean
values (0.60).
In terms of particle size distribution, the focus is on restaurants,
temples, and construction sites since trafﬁc emission has been well
studied while factory, stores, and mixed locations have a mixture of
different sources. The particle size distributions within the range of
0.25e32 mm at restaurants, temples, and construction sites have
distinctive features compared with that at background locations.
Examples are shown in Fig. 3. Restaurants have much higher levels
of particles in the range of 0.22e0.45 mm and a huge peak for par-
ticles in the range of 20e25 mm (Fig. 3(a)). Wang et al. (2010)
monitored size distribution of PM10 generated from householdcooking in China and found that biogas combustion generated
particles with peaks in the range of 0.26e0.38 mm, which is similar
to the ﬁndings of this study. For temples, previous studies showed
that most of the incense-burning particles are of PM2.5 range rather
than PM2.5e10 (Lung andHu, 2003; Lung andKao, 2003). The highest
mass concentration of fresh emission inside a temple was found to
be in the range of 0.18e0.56 mm (Chiang and Liao, 2006). Fig. 3(b)
shows that PM emitted from temples is large with size in the range
of 0.30e6.5 mm, compared with the background level, with a peak
value in the range of 4.0e5.0 mm. The monitoring locations of this
study were outside temples; thus, larger particle sizes were found
probably due to coagulation. As for construction sites, Fig. 3(c)
shows a tri-mode distribution, with peak values in the ranges of 5e
6.5, 10e12.5, and 20e25 mm. Note that the measurements shown in
Fig. 3 were taken at background locations and pollution-impacted
locations in less than an hour apart; thus, temporal variability may
only have partial impact on the observed patterns.
3.2. PM and CO variability within the 12 communities
Fig. 4 shows PM and CO ratios at locations with different
pollution types compared with the background levels on the same
days within the same community. If there were two background
locations in the same community, the one with the lowest PM level
was chosen as the background for this calculation. Contrary to
expectation, some ratios are less than one, which may be due to
different wind speeds at different locations with different dilution
effects or other unexpected events at background locations. The
overall ratios for PM1, PM2.5, PM10 and CO are 1.3  0.61, 1.3  0.56,
1.4  0.60, and 1.6  0.94, respectively. Moreover, it is alarming to
see some locations with more than three pollution types. Fortu-
nately, locations with more pollution types are not necessarily
having higher pollutant ratios compared with the background lo-
cations. The highest PM1, PM2.5, and PM10 ratios were observed at
Fig. 3. Particle size distributions at locations of (a) restaurant versus background at
community 10, (b) temple versus background at community 6, and (c) construction
site versus background at community 8.
S.-C.C. Lung et al. / Atmospheric Environment 83 (2014) 6e1310locations impacted by the combination of restaurants, temples, and
stores with the corresponding mean values of 2.9, 2.7, and 2.3,
respectively; while the highest CO ratios (mean value: 2.7) occurred
at locations inﬂuenced by a mixture of restaurants, stores, and
construction sites. For locations with only one pollution type (the
ﬁrst 6 bars in the graphs), construction sites have the highest PM10
ratios (1.9  1.2) with the maximum value of 3.3; temples have the
highest PM1 and PM2.5 ratios (1.5  0.68, 1.5  0.73, respectively)
with the maximum of 3.5 and 3.0, respectively; and restaurants
have the highest CO ratios (2.3  1.6) with a maximum of 4.9.
Table 3 lists the concentration differences between locations
with various pollution types and background locations. The pollu-
tion type with the highest PM1 and PM2.5 concentration differences
is temple; the corresponding mean differences are 10.1  18.0 and
14.2  30.0 mgm3, with maximums of 73.4 and 133.7 mgm3,
respectively. Locations near construction sites have the highest
mean PM10 difference, 35.4  54.8 mgm3; while the maximum
PM10 difference occurred near a temple, 197.5 mgm3. For CO, the
highest mean difference was observed at restaurants
(2.9  4.6ppm) and the maximum level was found at a mixed
location with a restaurant and a store (10.2 ppm).
To emphasize the variation within a single community, the
concentrations of PM2.5 (the particulate pollutant currently under
the most investigation due to its impacts on health) and CO at each
location in two different communities are plotted in Fig. 5. The
variations shown at each location are those within a 5-min moni-
toring session. This study focuses on pollution variations within
community, i.e., the difference among different locations. Fig. 5(a)
shows themeasurements taken at the communitywith the greatest
within-community variability of PM2.5 levels (%CV ¼ 66.7%) amongthe 12 communities. The measured wind speed was in the range of
0.24e0.92 m s1. The lowest PM2.5 level (5-min mean: 27.2 mgm3)
occurred at a location with both construction and trafﬁc emissions.
For the community background location, it just happened that
someone was sweeping the ﬂoor in the vicinity at that time; thus,
PM2.5 level (49.0  8.0 mgm3) higher than that of certain moni-
toring locationswas observed. The highest PM2.5 level (5-minmean:
143.5 mgm3) occurred at an intersection with both restaurant and
trafﬁc emissions. The records showed that there were a lot of mo-
torcycles and pedestrians waiting for trafﬁc lights near that inter-
section, resulting in the highest PM2.5 concentrationwith great %CV
(60%) at that intersection even within 5 min. The CO level at that
intersectionwas also the highest (18.8 ppm) compared with that at
other locations, indicating a lot of tailpipe incomplete combustion
exhaust. The highest levels are 5.3 and 3.4 times that of the lowest
levels observed for PM2.5 and CO at this community, respectively.
These results demonstrate huge variation in residents’ exposure
within the same community. People living, working, and/orwalking
near the intersection have gaseous or particulate pollutant exposure
3e5 times higher than people far away from those sources.
Fig. 5(b) shows the measurements in another community with
the least variability in PM2.5 levels (%CV ¼ 6.5%) and mean con-
centration around 11.3 mgm3. The measured wind speeds were
0.74e2.2 m s1, much higher than that at the aforementioned
community; and strong wind speed may partially explain the low
variability among locations. The fact that therewasmuch less trafﬁc
recorded during monitoring (noontime) may be another reason for
the low variability. CO exhibits greater variability than PM2.5 among
locationswith%CVof 25%. Themean level of CO is 2.6ppm, onlyone-
fourth of the mean level at the aforementioned community.
3.3. Contribution of trafﬁc and various SPS to community pollutant
levels
The above results showed that pollution types, wind speed, and
passing-by vehicles are all contributors to pollutant levels in the
communities; thus the inﬂuence of these factors was assessed with
regression models. The pedestrian counts were also tested but
excluded due to statistical insigniﬁcance. Table 4 shows the
regression coefﬁcients of the ﬁnal models. The adjusted R-square
ranges from 0.26 to 0.60. All models show that pollutant levels
within communities are statistically signiﬁcantly affected positively
by background levels (contribution from ambient environment)
and negatively by wind speed, as expected.
Restaurants on average contribute statistically signiﬁcantly 6.18,
6.33, 7.27 mgm3, and 1.64 ppm to community PM1, PM2.5, PM10,
and CO levels, respectively. The restaurants chosen are all Asian-
type restaurants with cooking techniques such as stir-fry and
deep-dry; thus, the resulting cooking fumes affect air quality in the
neighborhood. Additionally, temples contribute statistically signif-
icantly higher levels of particulates, 13.2, 15.1, and 17.2 mgm3 to
community PM1, PM2.5 and PM10 levels, respectively, but not to CO
levels. PM emission factors from incense sticks and contribution of
incense-burning to PM levels within temples have been evaluated
in earlier works (Lung and Hu, 2003; Lung and Kao, 2003). This
work further quantiﬁes the contribution of temples to PM levels in
the surroundings. Moreover, construction sites elevate neighboring
PM10 levels by 14.2 mgm3; suspended dusts from construction
debris and truck transportation are presumably responsible for the
increase.
As for home factories and stores, most of the coefﬁcients are not
signiﬁcant. Various types of home factories (e.g., iron foundry vs.
recycling plant) and stores (e.g., grocery store vs. car/motorcycle
repair shop) contribute differently to community pollutant levels;
and it is difﬁcult to evaluate when they are mixed in the same
Fig. 4. Concentration ratios of (a) PM1, (b) PM2.5, (c) PM10, and (d) CO at locations with different pollution types compared with background location, R: restaurant, T: temple, C:
construction site, F: factory, S: store, and V: trafﬁc (vehicle-related); “e” indicates that the location does not have this type of pollution.
S.-C.C. Lung et al. / Atmospheric Environment 83 (2014) 6e13 11category. If more monitoring results for one single type of home
factory and store can be obtained, the same methodology can be
employed to quantify their contributions.
All SPS locations are located near a roadway. Locations with
continuous trafﬁc were marked with trafﬁc emission with
30.7  22.8 vehiclemin1 on average during the monitoring ses-
sions. The contributions from both SPS and trafﬁc in mixed loca-
tions were taken into account simultaneously in the regression
models. The trafﬁc volumes at other locations (not marked with
trafﬁc emission) were 6.8  14.1 vehiclemin1 with 80% of the
locations having less than 8 vehiclemin1. Thus, the impact of
trafﬁc on the estimation of SPS contribution at these locations
should be minimal.
In terms of contribution from trafﬁc emission, PM1 and PM2.5
levels were increased by 5 mgm3 at bus stops and intersections ata marginally statistically signiﬁcant level. The trafﬁc counts nega-
tively affected PM2.5 and PM10 levels also at a marginally statisti-
cally signiﬁcant level. The contribution of trafﬁc counts to CO is
statistically signiﬁcant but negligible (0.026 ppm). These results
contradict the expectation that vehicle emission contributes
signiﬁcantly to the surrounding pollutant levels (e.g., Pandian et al.,
2009). There are several possible explanations. First, the low trafﬁc
counts recorded may indicate occurrence of trafﬁc jam with idling
vehicles emitting pollutants, leading to higher pollutant emissions.
Second, the turbulences caused by driving-by vehicles may actually
enhance dispersion of pollutants, resulting in negligible increase of
CO and even decreasing PM levels at all locations with trafﬁc. The
signiﬁcant contribution from trafﬁc may only be quantiﬁed at lo-
cations such as bus stops and interactions where emissions from so
many passing-by vehicles overrode the turbulence effect. Third,
Table 3
Mean, standard deviation (SD), and maximum of concentration differences between locations with various pollution types and background locations.
Pollution type PM1 (mg m3) PM2.5 (mg M3) PM10 (mg m3) CO (ppm)
Restaurant (n ¼ 11 or 13)a Mean (SD) 4.2  15.5 5.0  16.4 11.9  17.3 2.9  4.6
Maximum 40.3 42.9 50.0 9.2
Temple (n ¼ 20) Mean (SD) 10.1  18.0 14.2  30.0 22.4  46.3 0.7  1.3
Maximum 73.4 133.7 197.5 3.4
Construction site (n ¼ 7) Mean (SD) 1.3  3.9 4.0  5.0 35.4  54.8 0.5  1.0
Maximum 9.3 11.3 132.3 2.1
Home factory (n ¼ 11 or 13) Mean (SD) 5.8  8.4 6.7  8.9 11.2  14.3 0.8  2.0
Maximum 25.7 27.0 38.7 5.3
Store (n ¼ 23 or 29) Mean (SD) 1.1  9.7 2.8  5.7 7.1  12.1 0.7  1.8
Maximum 17.8 20.0 38.2 4.3
Trafﬁc (n ¼ 14) Mean ( SD) 3.2  6.7 3.6  7.2 7.6  15.0 0.9  2.5
Maximum 10.6 13.4 51.0 3.7
Mixed (n ¼ 115 or 138) Mean (SD) 8.0  18.8 9.8  19.8 18.5  28.8 1.3  2.5
Maximum 130.8 130.0 140.1 10.2
a The ﬁrst number in the parentheses denotes the sample size (n) for PM and the second, sample size (n) for CO.
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fromvehicles since the numbers of road lanes vary from two to four.
Thus, it was difﬁcult to quantify the contribution of trafﬁc.
3.4. Signiﬁcance and implications of ﬁndings
Several studies were conducted in the US and Europe to assess
the contributions of local sources to community PM and NOx levels
(Zwack et al., 2011a,b; Franklin et al., 2012; Merbitz et al., 2012).
However, these studies focused on trafﬁc only because trafﬁc is the
primary emission source in their residential communities, which
may not be true elsewhere in the world. Two additional studies
assessed the contribution of community sources to within-
neighborhood pollution variation in Ghana, West Africa. They
both found that wood stoves and charcoal stoves contributed sta-
tistically signiﬁcantly to the community PM2.5 and PM10 levels
(within 10e15 m) (Dionisio et al., 2010; Rooney et al., 2012).Fig. 5. PM2.5 and CO concentrations within one community with (a) the greatest and
(b) the least variability of PM2.5 levels, B: background, R: restaurant, C: construction
site, F: factory, S: store, V: trafﬁc (vehicle-related), and M: mixed locations; numbers
are used to differentiate different locations with the same pollution type.The present research conducted 5-min monitoring within 3 m
from the store frontswhere pedestrianswalk past and are sometimes
even only 1 m away from the emission sources. In particular, lots of
restaurants and eateries have their cooking stoves in store fronts;
both customers and pedestrians are thus exposed to the emission
when they enter and pass by the restaurants. The same is true for
other SPS. The measurements obtained in this study represent the
actual exposure levels of pedestrians to PM and CO within commu-
nities. Most people in Taipei live in condominiums or apartment
buildings. SPS affect not only the homeoutdoorpollutant levels in the
neighborhood, air pollutants also inﬁltrate indoors and deteriorate
indoor air quality, thus enhancing the daily exposure of the residents.
This study is the ﬁrst that quantiﬁes the contribution of com-
munity sources to pollutant levels in Asian community areas that
have distinctive features as described above. The contribution co-
efﬁcients, obtained by intensive ﬁeld monitoring, can be employed
to estimate both outdoor exposure of residents and home outdoor
pollutant levels of residences neighboring these sources. The
exposure estimated using this method would be much more accu-
rate than thatmeasured byEPAmonitoring stations in coarse spatial
distribution. Jerrett et al. (2005) examined more spatially resolved
exposure estimates for a Los Angles subgroup of the American
Cancer Society population and found that the damage coefﬁcients of
the exposureehealth relationships were nearly tripled compared
with previously reported ones. Therefore, the methodology used in
this studycanbe applied to epidemiological studies providing better
spatial resolution of exposure estimates for more accurate assess-
mentof the damage coefﬁcient in the exposureehealth relationship.
Moreover, these community SPS are usually neglected under the
current air pollution regulation. Even if some are partially regu-
lated, the auditing and enforcement are much less strict than those
focusing on industrial emission. The collective contribution of these
community SPS to ambient pollutant levels in Asian urban areas
could be signiﬁcant considering tens of thousands of these SPS.
Furthermore, residents are exposed to peak concentrations in close
proximity of these community SPS. The potential health risks
should not be ignored. Therefore, the control strategies and/or
zoning restriction need to be strengthened in order to reduce
community pollution levels from these SPS.4. Conclusion
In summary, the three most important community sources
identiﬁed in this work are restaurants, temples, and construction
sites. Restaurants on average contribute statistically signiﬁcantly
6.18, 6.33, 7.27 mgm3, and 1.64 ppm to PM1, PM2.5, PM10, and CO
levels in communities, respectively. Their emission also has the
Table 4
Coefﬁcient estimates of PM and CO in ﬁnal regression models.
PM1 (mg m3) PM2.5 (mg m3) PM10 (mg m3) CO (ppm)
Intercept 5.10 (2.67)D 4.81 (3.14) 6.46 (5.86) 3.11 (0.34)***
Background 0.99 (0.061)*** 1.06 (0.066)*** 1.22 (0.10)*** 0.29 (0.057)***
Restaurant 6.18 (2.17)* 6.33 (2.46)* 7.27 (3.90)D 1.64 (0.29)***
Temple 13.2 (3.09)*** 15.1 (3.50)*** 17.2 (5.54)* 0.17 (0.40)
Construction site 0.93 (3.10) 1.69 (3.52) 14.2 (5.59)* 0.48 (0.45)
Factory 2.45 (3.43) 2.82 (3.89) 5.90 (6.17) 0.030 (0.45)
Store 1.39 (2.08) 1.74 (2.35) 3.10 (3.72) 0.66 (0.28)*
Trafﬁc 4.93 (2.78)D 5.26 (3.15)D 7.41 (5.00) 0.31 (0.37)
Vehiclemin1 0.10 (0.062) 0.12 (0.071)D 0.20 (0.11)D 0.026 (0.0079)*
Wind speed 6.63 (2.34)* 7.27 (2.65)* 16.8 (4.18)*** 1.26***
Adjusted R2 0.60 0.60 0.47 0.26
N 237 237 237 288
þ: 0.05 < p < 0.1, *: 0.001 < p < 0.05, **: 0.0001 < p < 0.001; ***: p < 0.0001.
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tistically signiﬁcantly higher levels of particulates, 13.2, 15.1, and
17.2 mgm3 to community PM1, PM2.5 and PM10 levels, respectively.
The maximum concentration differences of PM1, PM2.5, and PM10
levels compared with background levels occurred at a location near
a temple; the differences were up to 73.4, 133.7, and 197.5 mgm3,
respectively. Emission from temples also has the highest mean
PM1/PM2.5 (0.80) and PM2.5/PM10 (0.60) values. Furthermore,
ongoing construction work elevates PM10 levels in the vicinity by
14.2 mgm3.
This is the ﬁrst work investigating intra-urban variability in such
a ﬁne spatial scale and quantifying the contribution of community
sources to pollutant levels within Asian communities. Compared
with those at background locations, PM and CO levels at locations
3m from sources can be up to 3.5 and 4.9 times higher, respectively,
showing huge exposure variability even within the same commu-
nity. The results also demonstrate the signiﬁcant contribution of
restaurants, temples, and construction sites to community PM and
CO levels as well as residents’ exposure to PM and CO. The contri-
bution coefﬁcients evaluated can be employed to estimate resi-
dents’ outdoor exposure and home outdoor pollutant levels of
residences neighboring the sources. Thus, this methodology is
applicable to environmental studies, exposure researches, and
epidemiology taking into account within-community pollutant
variability in Taiwan and other Asian cities with similar features.
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